Structural, spectroscopic and dielectric properties of thulium-doped laser-heated pedestal Ta 2 O 5 as-grown fibres were studied. Undoped samples grow preferentially with a single crystalline monoclinic structure. The fibre with the lowest thulium content (0.1 at%) also shows predominantly a monoclinic phase and no intra-4f 12 Tm 3+ recombination was observed. For sample with the highest thulium amount (1.0 at%), the appearance of a dominant triclinic phase as well as intraionic optical activation was observed. The dependence of photoluminescence on excitation energy allows identification of different site locations of Tm 3+ ions in the lattice. The absence of recombination between the first and the ground-state multiplets as well as the temperature dependence of the observed transitions was justified by an efficient energy transfer between the Tm 3+ ions. Microwave dielectric properties were investigated using the small perturbation theory. At a frequency of 5 GHz, the undoped material exhibits a dielectric permittivity of 21 and for thulium-doped Ta 2 O 5 samples it decreases to 18 for the highest doping concentration. Nevertheless, the dielectric losses maintain a very low value.
Introduction
Tantalum pentoxide is a well-known candidate for applications in integrated capacitors for dynamic memories and gate insulators. The high dielectric constant together with other suitable physical properties makes Ta 2 O 5 one of the most promising material dielectric alternative to SiO 2 [1] [2] [3] . Recent studies showed that the dielectric constant of Ta 2 O 5 can be improved through TiO 2 addition, due to stabilization of high-temperature form [4] . This way, a scale down of capacity components will be expected and so with the memory devices.
Besides its interest for electronic devices, its high transparency constitutes one of the major key factors for the use of Ta 2 O 5 as optical material for medical and remote atmospheric sensing applications [5] . For these purposes oxide materials are currently doped with rare-earth (RE) ions in order to improve the efficiency of infrared emission. Among these, trivalent thulium ions are known to offer a number of features in this spectral region due to the intra-4f 12 [5] .
In the present work, we focus on the structural and optical characterization of Ta 2 O 5 undoped and thulium oxide-doped (0.1 and 1 at%) laser heated pedestal growth (LHPG)-grown fibres. The pure and the lowest content doped samples were found to have a monoclinic crystalline structure, while the appearance of a triclinic phase was promoted by higher thulium amounts. Also, the intra-4f 12 recombination was observed for the highest-doped fibre and from excitation energy and temperature dependence of the observed photoluminescence (PL) a model for the recombination processes is proposed.
Experimental
Undoped and Tm 2 O 3 -doped (0.1 and 1.0 at%) Ta 2 O 5 homogeneous pedestals, with 1 mm of diameter and 50 mm of length, were prepared by cold extrusion and dried in air.
Crystalline fibres with $400 mm of diameter were grown by the LHPG technique using a CO 2 laser, as described elsewhere [6] . High-resolution X-ray diffraction experiments were done using a Bruker-AXS D8 Discover diffractometer using the Cu K a1 line in order to be able to distinguish between monoclinic and triclinic phases. Angular 2yÀy scans around (1110) and (11 10) PL measurements were carried out above (He-Cd laser, 325 nm) and below (Ar + laser lines) band-gap excitation as reported elsewhere [6] . In the infrared spectral region a Brucker 66 V Fourier-transform spectrometer was used. The signal was detected with a North-Coast EO-817 liquid-nitrogen-cooledgermanium detector.
To measure the complex permittivity of the material, e* ¼ e 0 Àie 00 , a cavity perturbation method was used [7] , in a rectangular cavity, operating in the TE 1,0,11 mode, at about 5 GHz. In the centre of the cavity, where the electrical field is maximal, the sample is inserted, provoking the perturbation of the field. According to the small perturbation theory, a linear relationship exists between the frequency shift, Df, caused by the insertion of a sample in the cavity, and the real part of the complex permittivity of the material, e 0 . The same behaviour is observed in the change in the inverse of the quality factor of the cavity, D(1/Q), related to the imaginary part, e 00 [8] .
Results and discussion
In order to determine the crystalline phase of the undoped and Tm 3+ -doped LHPG Ta 2 O 5 crystalline fibres 2yÀy XRD patterns were recorded as shown in Fig. 1a for undoped sample and as in Fig. 1b for the 1.0 at%-doped sample. The XRD Bragg peaks reveal the presence of a dominant monoclinic crystalline structure for the undoped and 0.1 at%-doped fibres. The presence of a single peak around the (1110) and (11 10) crystallographic planes confirms this conclusion. The presence of other minor phases cannot be ruled out but this would imply the splitting of the diffraction peak. This is the case shown in Fig. 1b (Fig. 4a) . At 8 K, and assuming that the emission originates from the lower energy crystal-field component of the excited 1 G 4 state, a total 2J+1 ¼ 9 lines are expected for the Tm 3+ ions in low site symmetries (e.g. triclinic, monoclinic and rhombic) sites. Fig. 4b clearly evidences that the number of observed emission lines is also higher than the number expected for the Stark splitting in a single site with lowest symmetries. Remarkable is the absence of the recombination between the first and the ground state multiplets ( 3 F 4 -3 H 6 ) that in several hosts occurs between 1600 and 2000 nm [5, [10] [11] [12] . As for these wavelengths, we are in the limit of our spectral resolution; we are not able to warranty that low-energy transitions occur in that spectral region, which could be ascribed to the 3 F 4 -3 H 6 recombination. Nevertheless, from the temperature dependence of the PL spectra a thermally populated emission can be seen between 1600 and 1800 nm, which we tentatively assign to 3 F 4 -3 H 6 transition suggesting that efficient Tm 3+ -Tm 3+ energy transfer takes place via ground and/or excited state absorption. This assumption is also followed by the overall integrated intensity of the 1 G 4 -3 H 4 ($1200 nm) and 3 H 4 -3 F 4 ($1500 nm)
which are seen to increase with temperature as observed in Fig. 4c . Despite the dielectric properties, at microwave frequencies, are clearly dependent on material structure [13, 14] , as confirmed in Eu-doped Ta 2 O 5 LHPG fibres [6] , the Tm-doped LHPG fibres do not exhibit significant variation in dielectric constant, even though the transition is from monoclinic to triclinic. In fact, a value of e 0 ¼ 21 at 5 GHz was observed for undoped Ta respectively. However, the dielectric losses maintain very low values in the order of 5 Â 10 À3 .
Conclusions
The transition between the first and the ground state multiplets and the temperature dependence of the integrated intensity. The dielectric constant is almost the same for the undoped and the doped materials, as well as the low dielectric losses, despite the phase transition that occurs with Tm doping.
